Introduction 1
Myocardial infarction and stroke are acute pathological events that occur during the chronic 2 process of atherosclerosis (Newby, 2005) . Rupture or erosion of the artherosclerotic plaque, 3 and the subsequent thrombosis that results in occlusion or embolisation, are the two main 4 mechanisms involved in such conditions (Davies, 2000) . While biomechanical forces have 5 been implicated in plaque fatigue and rupture (Cheng et al., 1993; Ku and McCord, 1993; 6 Loree et al., 1992; Richardson et al., 1989) , such stimuli are also thought to play a major 7 role in the modelling and remodelling of such plaques (Glagov et al., 1997) . 8
Atherosclerotic plaques contain T cells and lipid-laden macrophages (foam cells), which 9 are derived from blood monocytes (Libby, 1995) . T cells produce factors which suppress 10 the production of collagen by the smooth muscle cells (SMCs) and stimulate macrophages 11 to produce matrix metalloproteinases (MMPs) which digest the existing collagen and other 12 extracellular matrix components (Nicolaides et al., 2002) . The SMCs within the vessel wall, 13 which play a key role in maintaining the structural integrity of the plaque cap (Geng et al., 14 1997; Seshiah et al., 2002) , are influenced by the level of mechanical stretch they 15 experience (Sotoudeh et al., 2002) . This may explain why regions of high strain in 16 artherosclerotic plaques correlate with low levels of SMCs (Schaar et al., 2003) . These and 17 other studies confirm that vascular tissue mechanics and biology are intrinsically related in 18 the pathogenesis of atherosclerosis. 19
A complete understanding of the mechanics of diseased arteries is also critical to 20 optimising the outcomes of interventional procedures such as angioplasty and stenting. This 21 has enabled computational tools such as finite element models to be used in the 22 optimization of stent design. Early models focussed on the expansion characteristics of 23 balloon expandable (Chua et al., 2003; Dumoulin and Cochelin, 2000; Etave et al., 2001 ; 24 tests strain measurements were taken using a computer based video extensometer. The 1 extensometer automatically recognised marks and edges, and the gauge length after preload 2 and deformation between the gauge marks during testing was recorded by the computer. 3
Before testing the sample thickness was also measured using the video extensometer. 4
Similar preconditioning as with the compressive samples was applied to the tensile sample 5 after which the sample was stretched at a constant rate of 1% strain/s until the maximum 6 stretch allowed by the stroke length of the testing device was reached or until failure 7 occurred in the sample. 8 9 10
Data Fitting and Analysis 11 12
A 2 nd order isotropic hyperelastic model (Eqn. 1) was used to fit to the obtained 13 experimental data in this study. A general 2 nd order polynomial hyperelastic strain energy 14 function can be defined in terms of the strain invariants as follows (Abaqus Inc):  15   16   2  2  02  2  1  11   2  1  20  2  01  1  10 
where ψ is the strain energy function, C ij , i + j = 1, 2 are material constants and I 1 and I 2 are 19 the principle strain invariants. The strain invariants can be expressed in terms of the 20 principle stretches as I 1 = λ 1 2 + λ 2 2 + λ 3 2 , and I 2 = λ 1 2 λ 2 2 + λ 1 2 λ 3 2 + λ 2 2 λ 3 2 . For the case of 21 uniaxial testing of an incompressible material the nominal stress is given by: 22
where λ is the stretch in the loading direction. Data fitting was performed using the test data 3 curve fitting function of the finite element package Abaqus 6.7-1, which uses a linear least 4 squares procedure to obtain the constants C ij , i + j=1, 2. This method aims to minimize the 5 difference in nominal stress between the experimental test data and the data calculated from 6
Eqn. 2. The relative error, E, between these two values is given by Eqn. 3. 7
It is important to ensure that the constants obtained using this method lead to a stable 11 function. This is done by ensuring that the curves produced are positive definite. Stability 12 checking is done automatically in Abaqus when performing a curve fit. Where an unstable 13 curve is produced the constants are modified to produce a stable response. 14 As an independent measure of the appropriateness of the fit the root mean square 15 error measure ζ, which is based on the sum of the square error between calculated and 16 measured data, is used (Eqn. 4). 17
where n is the number of data points and q is the number of strain-energy function 1 constants. The value T ref is the sum of all nominal stresses for each data point divided by 2 the number of data points. 3
The compressive data was analysed using a number of different criteria: (1) in-4 patient variation; (2) inter-patient variation; (3) plaque classification; (4) sample location. 5
However due to the significantly lower number of tensile samples, tensile data was 6 analysed and presented together. All the stress strain data is graphed as nominal stress 7 against nominal strain. As the stress strain curves of the material approach failure the 8 curves, in some cases, become noisy. As a result of this a 10% drop in the stress as the 9 strain increases was viewed as material failure here, and the data wasn't analysed or 10 graphed following such a drop. 11 12 13
Results 14
Significant in-specimen variation in the compressive behaviour of human atherosclerotic 15 plaque was observed, see Fig. 2 . For certain specimens, most notably specimens 2, 7 and 9, 16 there is a large amount of variation between samples. However for other specimens (1, 4, 17 and 5) a much lower degree of variation was observed. When comparing the variation seen 18 to the clinical classification there appears to be no direct link between plaque classification 19 and in-specimen variation; for example specimen 4 is a mixed plaque but has low variation 20 while specimen 2 is also mixed but has a higher variability. When plaques were grouped by 21 clinical classification, a large amount of variability in the compressive behaviour for both 22 the calcified and mixed plaque specimens was observed, see Fig. 3 . This variability is less 23 evident for the echolucent samples. Comparing the mean curves for each classification 24 suggested that calcified samples were on average over twice as stiff as the echolucent 1 samples and 1.5-2 times stiffer than the mixed plaque. Large variations are also observed in 2 the compressive properties of samples taken from the same vessel section (either common, 3 internal and external) of the plaque, see Fig. 4 . The average curve for each plaque location 4 does suggest some variation, with the common artery being the stiffest and the external the 5 least stiff; however no firm conclusions can yet be made about differences in plaques 6 between the three carotid vessels. 7
Significant variability was also observed in the tensile properties of fresh human 8 carotid plaque, see Fig. 5 . Due to the smaller number of tensile samples, the main 9 conclusion that can be drawn from the tensile data is that there appears to be high 10 variability, both inter-specimen and in-specimen, in the tensile behaviour of these plaques. 11
The overall mean material constants obtained from curve fitting the compressive 12 and tensile data to a Mooney-Rivlin model are given in Table 2 and 3 respectively. These 13 tables also include information on the mean values for each of the constants obtained from 14 compressive testing for both the samples described by plaque classification and those 15 described by vessel. In the case of tensile data only the overall mean and standard deviation 16 (SD) are reported due to the lower number of samples tested. have used only histology. The choice of using US/GSM imaging was made as it is a non-6 invasive imaging technique that is used routinely in the clinic to determine the optimum 7 treatment. This choice of imaging also enabled imaging to be performed before the surgery, 8 which helped reduce the time between plaque removal and completion of sample testing. 9
The plaque was assumed to behave as an isotropic hyperelastic material. The isotropic 10 material assumption was made as tests were only carried out in circumferential tension and 11 in radial compression for the specimens due to the constraint of the size of the plaque 12 specimens. While an anisotropic model has been used for other soft tissues such as artery 13 walls (Holzapfel et al., 2002) , the high in-specimen inhomogeneity of the plaques may lead 14 to difficulties in modelling a consistent anisotropic behaviour. 15
The samples tested in this study generally show a non-linear behaviour during both 16 compressive and tensile testing. The non-linear behaviour of plaque tissue has been 17 demonstrated in previous studies (Salunke et al., 2001; Topelski et al., 1997) ; the one 18 exception to this nonlinear behaviour known to the authors was reported by Holzapfel et al 19 (2004) who reported that calcified tissue behaves almost linearly elastically. This was in 20 contrast to findings in this study as well as others (Loree et al., 1994; Salunke et al., 2001 ) 21 which generally found non-linear behaviour when testing tissue classified as calcified. 22
While variability between different plaque specimens has been reported before in the 23 literature (Holzapfel et al., 2004 ), there appears to be no data available on the in-specimen 24 variations seen in the specimens in this study. The in-specimen variation observed in this 1 study suggests that much more localised mechanical testing needs to be performed. 2
Correlation of such data with in vivo imaging of a higher definition than US/GSM currently 3 provides is also necessary. 4
The inter-patient variability observed in this study provides further support for 5 patient (or lesion) specific stenting (Pericevic et al., 2009) . The high variability between the 6 behaviour of different samples would seem to suggest that one stent design may be better 7 suited to a specific lesion than another; and the fact that there seems to be a relationship 8 between the average behaviour of the artery and the classification from the imaging, it may 9 be possible to use US/GSM to better inform the decision regarding the optimum stent 10 design. As anticipated, calcified plaques are on average stiffer than the other plaque types 11 (Figure 3 ). This was also reported by Holzapfel et al. (2004) , however Salunke et al (2001) 12 found that there was no significant difference between calcified and fibrous plaques. No 13 definitive conclusion could be drawn from our study regarding the anatomical location of 14 the samples (Figure 4 ). Whilst the average curves seem to indicate that plaque segments in 15 the common carotid are stiffer than in the internal or external; the large variability means 16 that more testing is required in order for a more definitive conclusion to be reached. 17
There are a few limitations to the analyses performed in this study. The number of 18 samples, particularly with tensile data, limits the conclusions that may be drawn. The main 19 reason for the limited number of tensile samples is that the samples can be relatively large 20 with respect to the total plaque size and given the in-specimen plaque variability the authors 21 had some difficulty in obtaining samples with a relatively consistent material composition 22 within the gauge. While the largest sample size possible was used for these tensile tests, the 23 4 x 1 mm gauge length may be insufficient to fully prevent edge effects from the clamps. 24
The tests were also unable to consistently produce failure of the tensile samples, this 1 resulted in not being able to report failure stresses and stretches for this study. However the 2 lack of fresh tissue data as well as the lack of data from human diseased carotid arteries 3 means this data may serve as a basis for constitutive equations used in finite element 4 modelling, with particular relevance to models of carotid lesions. The data can therefore be 5 seen as a basis for predicting outcomes of surgical and interventional procedures using 6 finite element modelling. Once a plaque has been classified in vivo the mean values of the 7 hyperelastic constants, as well as the upper and lower bound values of each constant, could 8 be used to predict a range of tissue responses that could be expected for a given procedure 9 or intervention. Whether the large standard deviations reported in this study actually 10
indicates large patient-to-patient variability in plaque properties that needs to be considered 11 in all computational models, or is merely a consequence of significant variability in the 12 properties of any given plaque and the sampling used in this study, needs to be further 13 investigated using more localised testing. This could possibly be achieved using indentation 14 testing (Barrett et al., 2009) . Furthermore higher resolution imaging, which has previously 15 been used to detect the presence of stress rising microcalcifications in plaque fibrous caps 16 (Vengrenyuk et al., 2006) , could be used to better characterise the heterogeneous nature of 17 plaque material. 18
In conclusion, this study characterised the radial compressive and circumferential 19 tensile behaviour of fresh carotid atherosclerotic plaques in order to obtain a better 20 understanding of plaque behaviour. The study also aimed to relate these results to imaging 21 which is used clinically to determine if treatment of a lesion is necessary thus giving the 22 results a more applicable clinical significance. It was seen that plaque classifications 23 obtained through US/GSM may be related to the mean behaviour of a lesion. This study 24 represents a step toward better understanding of carotid plaque behaviour; it's relation to its 1 composition and the further use of finite element modelling in stent design. This data would 2 be important in order to obtain an accurate simulation of interventions such as stent 3 expansion or balloon angioplasty that consider lumen gain, vessel stresses and other factors 4 within the carotid artery. Such simulations could be used clinically to help decide between 5 different treatment options such as stenting and endarterectomy. M, male; F, female; T, total no. of samples for specimen; C, sample from common segment of specimen; I, sample from internal segment of specimen; E, sample from external segment of specimen. Plaque classifications were determined by an independent clinician, who was blinded to the mechanical testing results, based on routine ultrasound with grey scale median imaging. 
